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1 . Introduction 
For wide application of fuel cells other than in space technology 
the one with an acid electrolyte will probably play the predominant 
part. We could show that in sulfuric acid hydrogen and carbon 
monoxide can be oxidized simultaneously at high current densities 
and temperatures below 100 O C  at electrodes with pre-sulfurized 
platinum as the catalyst ( 1 )  (2). 

However, the price of platinum, even if used in small amounts, is 
prohibitively high for the very broad application of fuel cells 
in everyday life. In the attempt to replace platinum a variety 
of substances has been investigated and proposed as a catalyst 
for a cell with an acid electrolyte. They did, however, not 
prove satisfactory. Some of them, e.g. C o M o O 4 ,  are not even 
stable against the attack of sulfuric acid. The activity claimed 
for several other substances was presumably due to the presence 
of traces of platinum in the product used as the catalyst in a 
fuel-cell electrode. So far, we have only found tungsten carbide 
(HC) to be catalytically active, which has recently been described 
as a catalyst for the.oxidation of hydrogen in acid electrolyte 
( 3 ) .  The present. paper deals with the preparation and the 
improvement of tungsten carbide electrodes at which not only 
hydrogen but also hydrazine and even organic substances can be 
anodically oxidized at considerably high current densities. 

2. Preparation of Electrodes 
Tungsten carbide which can serve as a catalyst has to be finely 
divided. Unfortunately, the commercially available substances 
generally do not meet this requirement. Tungsten carbide with 
a large surface area can be obtained, e.g., by precipitation 
from tlie Gas phase or by the carburization of finely divided 
tungsten powder with carbonaceous gases (CO or C I 1 4 ) .  We pre- 
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p a r e d  t h e  t u n g s t e n  c a r b i d e  r e q u i r e d  f o r  o u r  i n v e s t i g a t i o n s  by 
f i r i n g  an i n t i m a t e  m i x t u r e  of t u n g s t e n  powder and  s o o t  a t  a 
t e m p e r a t u r e  between 1100 OC and 1300 OC i n  a hydrogen a tmosphere .  

During t h e  f i r i n g  p r o c e s s  s i n t e r i n g  t a k e s  p l a c e  and t h e  r e s u l t a n t  
p r o d u c t  c a n  t,e used d i r e c t l y  as an  e l e c t r o d e  p r o v i d e d  t h a t  t h e  
s t a r t i n g  m i x t u r e  c o n t a i n e d  a pore-forming s u b s t a n c e  and w a s  
compressed t o  d i s k s .  Such a n  e l e c t r o d e  i s  a p p r o p r i a t e  f o r  t h e  
o x i d a t i o n  of f u e l s  d i s s o l v e d  i n  t h e  e l e c t r o l y t e  or may even s e r v e  
as a b u b b l i n g  e l e c t r o d e  f o r  the  o x i d a t i o n  o f  g a s e o u s  s u b s t a n c e s ,  
s u c h  a s  hydrogen .  

h3en u s i n g  hydrogen as f u e l ,  we u s u a l l y  p r e f e r  an e l e c t r o d e  w i t h  
p o l y e t h y l e n e  as a b i n d e r  backed  w i t h  a w e t - p r o o f i n g  l a y e r  made from 
PTFE, as  h a s  been  d e s c r i b e d  e l s e w h e r e  ( 4 ) .  

The b e s t  per formance  i s  a c h i e v e d  w i t h  e l e c t r o d e s  c o n t a i n i n g  a 
t u n g s t e n - c a r b i d e  p r e p a r a t i o n  whose carbon c o n t e n t  i s  somewhat 
s m a l l e r  t h a n  t h a t  c o r r e s p o n d i n g  t o  t h e  s t o i c h i o m e t r i c  v a l u e .  A n  
e x c e s s  of  carbon c o n s i d e r a b l y  d e c r e a s e s  t h e  c a t a l y t i c  a c t i v i t y  o f  
t h e  p r o d u c t .  

I 

For t h e  e l e c t r o c h e m i c a l  measurements  we u s e d  the half--pll  a r r a n g e -  I 
ment d e s c r i b e d  i n  d e t a i l  e l s e w h e r e  (5). w i t h  a n  au togenous  hydrogen 
e l e c t r o d e  i n  t h e  same e l e c t r o l y t e  d t  t h e  same t e m p e r a t u r e  as t h e  > I 
r e f e r e n c e  e l e c t r o d e .  For u s e  as  a b u b b l i n g  e l e c t r o d e  t h e  d i s k s  were 
f i x e d  i n  a p l e x i g l a s s  r i n g  by means o f  an  a d h e s i v e  and f i t t e d  i n  a r 

s p e c i a l l y  d e s i g n e d  e l e c t r o d e  h o l d e r .  Immersed e l e c t r o d e s  were f i x e d  
b y  a t a n t a l u m  w i r e  l o o p .  The e l e c t r o l y t e  - 2N H2SO4 - w a s  s a t u -  
r a t e d  w i t h  pure  a r g o n  i n  o r d e r .  t o  e x c l u d e  t h e  i n f l u e n c e  of  a i r .  I n  
most c a s e s  t h e  m e a s u r i n g  t e m p e r a t u r e  w a s  70 OC. 

3.2 C o r r o s i o n  and i t s  E f f e c t  on t h e  A c t i v i t y  

I n  s u l f u r i c  a c i d  f r e e  f rom oxygen c o r r o s i o n  o f  WC i s  n e g l i g i b l y  
s m a l l  a t  o p e n - c i r c u i t  p o t e n t i a l  or even  up t o  a p o t e n t i a l  o f  300 mv. 
Between 300 and 500 m v  a c o r r o s i o n  c u r r e n t  i s  o b s e r v e d  d u r i n g  
p e r i o d i c  p o t e n t i o - d y n a m i c  measurements  ( F i g .  1 ) .  A f t e r  some 
sweeps t h i s  c o r r o s i o n  c u r r e n t  s t a r t s  t o  d e c r e a s e  and  a f t e r  some 
hours t h e  c o r r o s i o n  has d i s c o n t i n u e d .  While c o r r o s i o n  t a k e s  
p l a c e  t h e  e v o l u t i o n  o f  a g a s  i s  observed  which means that  p a r t  o f  
t h e  c a r b o n  c o n t a i n e d  i n  t h e  c a r b i d e  i s  o x i d i z e d  t o  g i v e  carbon 
d i o x i d e .  

---------------------------------------- 

A f t e r  c e s s a t i o n  o f  c o r r o s i o n ,  i . e . ,  when t h e  p a s s i v e  s t a t e  i s  
r e a c h e d ,  t h e  c u r r e n t  d e n s i t y  a c h i e v e d  w i t h  hydrogen  i s  s m a l l e r  t h a n  
a t  t h e  b e g i n n i n g  of  t h e  e x p e r i m e n t .  F i g .  2 shows t h e  d e c r e a s e  i n  
a c t i v i t y  for a n  e l e c t r o d e  which h a s  been  c o r r o d e d  a t  a p o t e n t i a l ,  
o f  700 mv d u r i n g  16 hrs. I n  t h i s  c a s e  t h e  c u r r e n t  d e n s i t y  h a s  de- 
c r e a s e d  by a b o u t  20  p e r  c e n t  of  t h e  i n i t i a l  v a l u e .  

I t  h a s  n e v e r  been o b s e r v e d  t h a t  such a d i s a c t i v a t e d  e l e c t r o d e  can 
be r e a c t i v a t e d  by hydrogen  g a s  a p p l i e d  t o  t h e  e l e c t r o d e ,  n o t  even 
a t  o p e n - c i r c u i t  p o t e n t i a l ;  t h e  i n a c t i v e  l a y e r  can  be removed, 
however ,  by o t h e r  means,  e . g .  by a t r e a t m e n t  i n  p o t a s s i u m  hy- 
d r o x i d e  s o l u t i o n .  



101 

\ 

\ 

d ' c o n s i d e r a b l e  i n c r e a s e  i n  t h e  a c t i v i t y  i n s t e a d  of a d i s a c t i v a t i o n  
i s  o b s e r v e d ,  however,  when a n o d i c  c o r r o s i o n  t a k e s  p l a c e  i n  t h e  
p r e s e n c e  of  a r e d u c i n g  a g e n t ,  e . g . ,  hydrogen b u b b l i n g  through t h e  
e l e c t r o d e .  Hence t h e  a c t i v i t y  of a WC e l e c t r o d e  i n c r e a s e s  s l o w l y  
d u r i n g  i t s  o p e r a t i o n  as  a n  anode f o r  t h e  o x i d a t i o n  o f  hydrogen.  
Such a s low i n c r e a s e  i n  a c t i v i t y  t a k e s  s e v e r a l  d a y s  u n t i l  a f i n a l  
s t a t e  i s  r e a c h e d  where no f u r t h e r  a c t i v a t i o n  i s  o b s e r v e d .  More de- 
f i n e d  r e s u l t s  a r e  o b t a i n e d  w i t h  a s o l u t i o n  o f  h y d r a z i n e  s u l f a t e  i n  
t h e  s u l f u r i c  a c i d  e l e c t r o l y t e  a t  a p o t e n t i a l  o f  a b o u t  600 t o  700 mv 
m a i n t a i n e d  by means o f  a p o t e n t i o s t a t .  A p e r i o d  o f  some h o u r s  i s  
s u f f i c i e n t  t o  a c h i e v e  optimum a c t i v i t y .  I n  g e n e r a l  t h e  c u r r e n t  
d e n s i t y  a t  a g i v e n  p o t e n t i a l  can be i n c r e a s e d  u p  t o  t w i c e  i t s  i n -  
i t i a l  v a l u e .  

I n s t e a d  o f  h y d r a z i n e ,  formaldehyde  d i s s o l v e d  i n  t h e  e l e c t r o l y t e  can 
be used as  t h e  r e d u c i n g  a g e n t  f o r  t h e  a c t i v a t i o n  p r o c e s s .  The 
r e a s o n  why t h e  a p p l i c a t i o n  o f  a d i s s o l v e d  r e d u c i n g  a g e n t  i s  more 
e f f e c t i v e  t h a n  t h e  a p p l i c a t i o n  o f  hydrogen  may be s e e n  i n  t h e  f a c t  
t h a t  a d i s s o l v e d  f u e l c a n  i n  any e v e n t  r e a c h  t h o s e  p a r t s  of  t h e  
i n n e r  s u r f a c e  a r e a  o f  t h e  e l e c t r o d e  which a r e  r e a c h e d  by t h e  e l e c t r o -  
l y t e ,  whereas  i n  t h e  c a s e  o f  hydrogen  t h e  p o r e - s i z e  d i s t r i b u t i o n  
and t h e  v a r y i n g  p o r o s i t y  may r e s t r i c t  t h e  e x p e c t e d  a c t i v a t i o n  t o  
o n l y  a s m a l l  p a r t  o f  t h e  i n n e r  s u r f a c e  a r e a .  An e l e c t r o d e  which 
h a s  been  a c t i v a t e d  i n  t h e  manner j u s t  d e s c r i b e d  d o e s  n o t  undergo  
f u r t h e r  c o r r o s i o n  u p  t o  a p o t e n t i a l  o f ,  s a y ,  0 .7  v ,  n o t  even i n  t h e  
absence  o f  any  f u e l .  

F i g .  3 shows t h e  c u r r e n t - p o t e n t i a 1 , p l o t s  o b t a i n e d  w i t h  a n  a c t i v a t e d  
WC e l e c t r o d e  u n d e r  s t e a d y - s t a t e  c o n d i t i o n s  upon hydrogen o x i d a t i o n .  
A t  a p o t e n t i a l  o f  305 mv. a n d  a t e m p e r a t u r e  o f  9 0  OC a c u r r e n t  
d e n s i t y  o f  160 m a / c m  i s  measured w i t h  t h i s  t y p e  o f  a s i n t e r e d  
b u b b l i n g  e l e c t r o d e .  A S  a t e m p e r a t u r e  o f  25 OC t h e  c u r r e n t  d e n s i t y  
is r e d u c e d  t o  35 ma/cm . From t h e  dependence o f  t h e  c u r r e n t  d e n s i -  
t y  on t h e  t e m p e r a t u r e  a mean v a l u e  o f  5.8 kca l /mole  i s  d e r i v e d  f o r  
t h e  a c t i v a t i o n  energy  a t  a p o t e n t i a l  01' 300 mv. 

A s u r p r i s i n g  o b s e r v a t i o n  i s  t h e  f a c t  t h a t  h y d r a z i n e  i s  o x i d i z e d  a t  
a I i C  e l e c t r o d e  a t  c o n s i d e r a b l e  d e n s i t i e s ,  whereas  i t  i s  n o t  de- 
composed a t  o p e n - c i r c u i t  p o t e n t i a l .  F i g .  5 shows g a l v a n o s t a t i c  
c u r r e n t - v o l t a g e  p l o t s  o b t a i n e d  w i t h  h y d r a z i n e  i n  2N H2SO4 a t  a 
t e m p e r a t u r e  o f  70 OC. A t  a p o t e n t i a l  o f  400 mv a c u r r e n t  d e n s i t y  
of 80 ma/cm2 i s  a c h i e v e d  u n d e r  t h e s e  c o n d i t i o n s .  Moreover,  t h e  
f i g u r e  c l e a r l y  shows t h e  i n f l u e n c e  o f  a c t i v a t i o n  d e s c r i b e d  above.  

On t h e  o t h e r  hand ,  p o l a r i z a t i o n  i s  v e r y  h i g h  upon o x i d a t i o n  of  
h y d r a z i n e  i n  s u l f u r i c  a c i d .  The p e r i o d i c  p o t e n t i o d y n a m i c  p l o t  of 
F i g .  6 r e v e a l s  t h a t  o x i d a t i o n  s t a r t s  o n l y  a t  a p o t e n t i a l  o f  a b o u t  
2 0 0  mv. T h i s  may be due t o  t h e  f a c t  t h a t  h y d r a z i n e  s u l f a t e  i s  
formed i n  t h e  s u l f u r i c - a c i d  e l e c t r o l y t e  s o  t h a t  a h i g h e r  a c t i v a t i o n  
e n e r g y  i s  r e q u i r e d .  Hence t h e  performance of h y d r a z i n e  on IJC is 
somewhat improved by u s i n g  a s u l f u r i c - a c i d  e l e c t r o l y t e  w i t h  a 
c o n c e n t r a t i o n  s m a l l e r  t h a n  ZN, s i n c e  i n  t h i s  c a s e  t h e  s o l u b i l i t y  
o f  h y d r a z i n e  i s  g r e a t e r .  The b e s t  performance i s  a c h i e v e d  i n  a 
s o l u t i o n  of' h y d r a z i n e  s u l f a t e  i n  w a t e r  a s  t h e  e l e c t r o l y t e .  

h c i i  more i n t e r e s t i n g  t h a n  t h e  o x i d a t i o n  of h y d r a z i n e  a p p e a r s  t h e  
o x i d a t i o n  of  formaldehyde .  F i g .  7 shows t h a t  w i t h  formaldehyde 
a c u r r e n t  d e n s i t y  of  a b o u t  60  ma/ciii3 can  be a c h i e v e d  a t  a p o t e n t i a l  
o f  401J CIV, and t h a t  t h e  o x i d a t i o n  s t a r t s  a l r e a d y  a t  t h e  p o t e n t i a l  
o f  t h e  hydrogen e l e c t r o d e .  
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The current density depends largely on the concentration of form- 
aldehyde in the electrolyte, as is shown by Fig. 8. 

Unfortunatoly, oxidation o'f formaldehyde nearly stops at the stage 
of formic acid, which is only sAowly oxidized. At a potential of 
200 mv and a tomporature of 70 C a current density as low as 
1 ma/cm2 is obsorvod (Fig. 9 ) .  Even at 90 OC the oxidation rate 
is small comparod with that of formaldohyde. An interesting 
feature in tho oxidation of formic acid at 90 OC is the obser- 
vation t h t  it is dehydrogenated at the WC eledtrode under opsn- 
cirauit conditions. At low curront densities the oxidation of hydro- 
gon evolved I n  the deconpo8ition is the rate-determining step; at 
higher curllnt donaitie8 tho rat. of dshydrogonation is insuf- 
ficient, and direct oxidation of formic acid has to *take place. 
This new process requires a higher potential. The maximum current 
density is reachod at a potential of about 400 mv, as is shown by 
the peak in the periodic potentiodynamic current-voltage plot 
(Fig. 10). 

Acetaldehyde, too, is oxidized at WC. F i g .  1 1  shows that a 
current density of about 20 ma/cm2 is measured at a potential of 
400 IIR in periodic potentio-dynamic investigations. Under stead 
state oonditions the current density decreases to about 10 ma/cm I 

(Fig. 12). In the potential rango considered, the oxidation stops 
complotely at the stage of acetic acid. This means that at WC 
electrodes aaetic acid oan bo formod from acetaldehyde in an electro- 
chemical remuon, a process which might be of interest to the 
chemical industry. 

With propionaldehyde only small current densities are observed, 
which are even smaller in the case of other aldehydes. 

Neither alcohols, not sven methanol, nor carboxylic acids other 
than formic acid can bs elootrochemically oxidized at WC electrodes 
in sulfuric acid. 

I 

5- 

I 

4. Conolusions 
O u r  invostigations show that WC is an interesting new electro- 
catalyst at which not only hydrogen but also a variety of other 
substanaes can be oxidized. From our findings we conclude that 
the activation process described in this paper is due to the for- 
mation of tungsten oxides other than WO3 with an oxidation number 
smaller than six, for  instance tungsten bronzes of the type 
H,XO3, first reported by Clemser and Naumann (6). These bronzes 
a r e  considered as activators o f  platinum catalysts in the oxi- 
dation of earbon monoxide (7). Thus it might be the combination 
of such a bronze with WC as the carrier which gives rise to the 
good performance observed. We hope that these results will help 
us in o u r  efforts to replace platinum as a aatalyst even for the 
direct electrochemical oxidation of methanol or hydrocarbons. 

1 
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Fig. 1 Corrosion of WC in 2N H2SO4 at Anodic Potentials in the 
Absence of Reducing Agents at 70 OC. Periodic Potentio- 
dynamic Current-Potential Plots; dU/dt = 40 mv/min. 

Curve 1: Initial State 
Curve 2: Final (Passive)State 
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Fig. 2 Oxidation of Hydrogen at a WC Electrode in 2N H2s04 at 
70 OC. Periodic Potentiodynamic Current-Potential Plots; 
dU/dt = 100 mv/min. 

Curve 1: Initial State 
Curve 2: After Activation at a Potential of 

650 w in the Presence of Hydrogen 
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Fig. 4 Oxidation of Carbon Monoxide at a WC Electrode in 2N H2S04 
at 70 OC. Periodic Potentiodynamic Current-Potential Plots ; 
dU/dt = 40 mv/rnin. 
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Fig. 6 Oxidation of Hydrazine at a WC Electrode in 
2N H2S04 at 70 OC. Periodic Potentiodynamic 

Current-Potential Plot; dU/dt = 100 mv/min 
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F i g .  10 Effect of an Intermediate from Formic 
Acid Oxidation on the Performance of 
a WC Electrode in 2N H2S04 at 70 OC. 

Periodic Potentiodynamic Current-Potential 

Plots; dU/dt = 40 w/min 
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Fig. 11 Oxidation of Acetaldehyde at a WC Electrode 
in 2N H 2 S 0 4  at 70 OC.  Periodic Potentio- 
dynamic Current-Potential Plots; 
dU/dt = 100 mv/min 
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